Climate Proxy Derivation From Sediment Core
Physical properties are playing an increasingly important role in stratigraphic studies of marine sediment [e.g., Shackleton et al., 1995] , with high-resolution timescales being constructed by relating variations of physical properties to variations of, for example, orbital parameters or isotopic reference curves. For longer timescales, deep-sea cores are used as the reference section; for shorter timescales, ice cores are used. Further application includes spectral analyses in order to study the climate response to forcing factors [Mayer et al., 1996] . Underlying this approach is the ability to derive and predict the variation of climatically relevant proxies from sediment core logging since it is the establishment of this relationship that allows the collection of climate proxy data at high resolution [Mayer, 1991] . In Pacific biogenic sediment, for instance, carbonate contains the major information about productivity in surface waters and dissolution in deep waters . Therefore a number of successful, sediment core log-based predictions exist for deep-sea carbonate content [e.g., Mayer, 1991; Hagelberg et al., 1995; Weber, 1998 ]. Further predictions have been proposed for deep-sea carbonate grain-size distribution [Mayer et al., 1993] and biogenic opal contents [Weber, 1998 ]. In this paper, we will provide evidence that the surface water
•180 signal and variations recorded in core logs of sediment physical properties are highly correlated for Labrador Sea sediment, implying a strong link that allows the use of sediment core logs as rapid and nondestructive stratigraphic tools for studying millennial-scale climate variability. Furthermore, we will demonstrate that variations recorded in sediment core logs provide important information about current intensities in deep water and that both deepwater and shallow water processes responded to the variable input in the amount of detrital carbonate and IRD. Arguments will be obtained from grain-size analysis, the relation of density and P wave velocity, and magnetic susceptibility variations.
Material, Methods, and Stratigraphy
The sediment cores presented here were collected and analyzed as part of the Canadian Climate System History and Dynamics Project (CSHD) and the International Marine Global Change Study (IMAGES). Cores were collected in the Labrador Sea (Figure 1 Density, P wave velocity, and magnetic susceptibility were determined nondestructively onboard using a MultiSensor Core Logger (Geotek, United Kingdom) at 2-cm increments. This system provides three sensors: a pair of compressional wave transducers to determine the velocity of compressional waves in the core (P wave velocity); a gamma ray source and detector to measure the attenuation of gamma rays through the core (density); and a magnetic susceptibility sensor loop to determine the amount of magnetic material present in the sediment. Densities were calculated using varying attenuation coefficients and an iteration procedure described by Weber et al. [1997] . In addition, a Minolta chromatometer was used to measure gray scale at 5-cm increments (for method, see Weber [1998] ). For core MD95-2024, carbonate, stable isotopes, and organic carbon were analyzed at 5-cm increments at Center for Research in Isotopic Geochemistry and Geochronology (GEOTOP), Montreal, using the procedures described by Hillaire-Marcel et al. [1994] . For core MD95-2025, stable isotopes and carbonate content were measured at Memorial University of Newfoundland using the procedures described by Hiscott et al. [2001] . For core MD95-2026, grain size distribution was determined at Bedford Institute of Oceanography. For the fraction >63 jim, settling tubes were applied, and for the fraction <63 jim, a Sedigraph was used.
Site MD95-2024 is the focus of this study since it contains both a high-resolution stratigraphy and a complete set of sediment core log and sample data at high temporal resolution (70 and 210 years, respectively). The directly determined stratigraphy of this site is First, we adjusted all sediment core log records and the b•80 record to a common variation scale by normalizing them by their variance. This procedure allows a better calculation of the contribution of individual sediment core logs to the derivation and avoids the heavily biased contributions of the original values (e.g., the simple product of density and P wave velocity, the acoustic impedance, would reflect 80-95% density variation, depending on lithology). The control of the contribution of individual sediment core logs is recommended when focusing on the study of the physical process that may relate b• 80 and sediment core log, rather than predicting it absolutely from original sediment core log values. Least squares multiple linear regression shows that P wave velocity and magnetic susceptibility each contribute ,-•31% to the correlation, whereas density and gray value provide only ,-• 18% each. We used these proportions to create a stacked record which will be referred to as the "combined" sediment core log. This procedure provides a prediction algorithm that can be applied directly at other sites without further conversion. A comparison of both derivation and prediction methods at site MD95-2025 reveals that, on average, slightly higher correlation coefficients for the sitespecific derivation (Figure 4e-g ). This is not surprising considering the fact that the site-specific •180 data are used to obtain the correlation instead of the MD95-2024 data set. Nonetheless, the independent prediction also yields adequate results for these neighboring locations and thus proves to be a powerful tool to estimate at high resolution the surface water isotopic variation for this pan of the Labrador continental margin.
The For unconsolidated biogenic sediment (e.g., the southern Atlantic [Weber et al., 1997] and the equatorial Pacific [Weber, 1998 ]), density decreases with increasing P wave velocity (core 184KL, Figure 6 ). This relationship depends on the ratio of biogenic carbonate and opal. P wave velocity is high (density is low) in biogenic opal-rich sediment because grain density is low (2.2-2.4 g/cm ) and intraporosity and rigidity of siliceous skeletons are high [e.g., Schb'n, 1996]. Conversely, P wave velocity is low (density is high) in carbonate-rich sediment because grain density is high (2.5-2.8 g/cm 3) and intraporosity and shear resistance of carbonate skeletons are relatively low [Weber, 1998 ]. Hemipelagic sediment shows neither a clear positive nor a clear negative relation of P wave velocity and density because they consist primarily of terrigenous material with minor contents of biogenic components. Figures 7a-7c) ; that is, physical properties at site MD95-2026 clearly trace variations in current strength faster currents at higher values. Neither gravel nor detrital carbonate content, both of which contain direct information about the source and amount of material released by icebergs, correlates in detail to the sediment core log measurements (Figures 7e and 7t ). This is a further indication that sediment core log signals are governed by current activity rather than by iceberg activity. Faster deepwater currents during times of increased iceberg discharge argue for either enhanced turbidity current activity or enhanced production of Labrador Seawater. , 1994] , favors continuing deep-sea currents rather than a distinct event as transport mechanism. Also, the shapes of density and P wave velocity curves, which provide a grain-size proxy (see section 5), do not resemble typical turbidites with a coarser-grained lag followed by a fining upward bed; instead, a variety of shapes is observed from plateau-like highs to symmetrical peaks and fining upward beds. Therefore our conclusion is that times of increased iceberg discharge led to increased deepwater currents that continued over hundreds of years to millennia, most likely as contour-following currents along the western Labrador slope. Figure 8 shows that variations in the glacial surface water isotopic composition in the Labrador Sea were linked to atmospheric processes documented in Greenland ice on millennial timescales. It also shows that deepwater current velocities are linked to freshwater pulses during peak cold times. Thus deepwater variability is also linked to atmospheric variability. This implies that all three parts of the climate system corresponded to the same subMilankovitch climate forcing during the last glacial. The nature of this forcing is as yet unknown, and further research will have to be conducted in a variety of fields in order to unravel it. 
Summary and Conclusions

